The thymus begins involution in childhood and historically it was thought to be nonfunctional by adulthood, thus presenting no contraindication to the routine practice of thymectomy during cardiothoracic surgery. More recent data suggest, however, that the thymus remains active into adulthood and is responsible for the low-level production of normal T cells. We hypothesize, therefore, that incidental thymectomy during cardiothoracic surgery in infancy causes long-term changes in the cellular immune system. To investigate this hypothesis, we quantified peripheral T-cell subsets and T-cell recombination excision circles in children with congenital heart disease to measure the impact of cardiothoracic surgical procedures and thymectomy performed during a period of immunologic development. We found that cardiothoracic surgical procedures, especially if they include thymectomy, impair T-cell production and produce long-term decreases in total lymphocyte count and CD4 ϩ and CD8 ϩ T-cell subsets, suggesting that long-term maintenance of lymphocyte populations is disturbed. Children undergoing corrective or palliative cardiothoracic surgeries frequently undergo incidental thymectomy to increase exposure of the surgical field. Although profound immune deficiency is known to result from the absence of a thymus during fetal development (1-3), little is known of the effects of thymectomy in humans during a period of postnatal immunologic development. Short-term studies to date have not documented overt immune deficiency in infants who have been subjected to incidental thymectomy during cardiothoracic surgery (4 -7). However, until recently, it has been difficult to quantify activity of the thymus, even in normal individuals, making it difficult to assess the impact of thymectomy on the naïve T-cell compartment and on de novo T-cell production and the subsequent effects on adaptive immunity.
Children undergoing corrective or palliative cardiothoracic surgeries frequently undergo incidental thymectomy to increase exposure of the surgical field. Although profound immune deficiency is known to result from the absence of a thymus during fetal development (1) (2) (3) , little is known of the effects of thymectomy in humans during a period of postnatal immunologic development. Short-term studies to date have not documented overt immune deficiency in infants who have been subjected to incidental thymectomy during cardiothoracic surgery (4 -7). However, until recently, it has been difficult to quantify activity of the thymus, even in normal individuals, making it difficult to assess the impact of thymectomy on the naïve T-cell compartment and on de novo T-cell production and the subsequent effects on adaptive immunity.
Initial attempts to quantify the contribution of thymopoiesis to the cellular immune system during postnatal development and into adulthood have focused on the phenotypic measurement of the naïve T-cell population in peripheral blood. These cells, by definition, are mature, circulating T cells that have not yet encountered their cognate antigens. Naïve T cells were initially identified as CD4 ϩ or CD8 ϩ cells that also express CD45RA on their surface. Use of multiple-color flow cytometry has brought into question the reliance on CD45RA expression alone, as up to 10 -30% of CD4 ϩ or CD8 ϩ CD45RA
ϩ T cells lack cell-surface markers and cytokine expression profiles characteristic of naïve cells (8) . Flow cytometric markers also fail to differentiate RTE from naïve T cells produced by clonal expansion in the periphery. However, Douek et al. (9, 10 ) developed a PCR-based assay that permits quantification of cells bearing TREC, which are nonreplicating circular DNA molecules generated during excisional rearrangement of the coding sequences for T-cell receptor proteins. TREC remain in T cells after their maturation and release from the thymus to the periphery. Although they are diluted as cells proliferate, the number of TREC serves as a parameter of thymopoiesis (11) (12) (13) . The use of these techniques has demonstrated that the thymus normally remains active well into adulthood, and that its function is required for reconstitution of immune function during treatment for HIV infection, and after cytolytic cancer chemotherapy or bone marrow transplantation (10,14 -18) .
To investigate the long-term effects of thymectomy during immune development in young children, we have examined thymic function and peripheral T-cell populations in children between 2 mo and 17 y after surgery for repair or palliation of congenital cardiac lesions. We evaluated the long-term consequences of incidental thymectomy in infancy in a cohort of subjects with congenital heart disease who have undergone corrective or palliative surgical procedures early in life, comparing subjects with complete thymectomy with those without prior surgery, and those whose thymus was spared during surgery.
METHODS
Selection of study subjects. Subjects with a history of congenital heart disease presenting for evaluation before an initial or repeat cardiothoracic surgical procedure were recruited for study. Sixty-nine individuals ranging from 1 mo to 18 y in age were enrolled after informed consent was obtained according to a protocol reviewed and approved by the UCLA Medical Institutional Review Board. Medical history was obtained, including age, specific congenital cardiac diagnosis, recent and past infectious illnesses, and history of prior surgical procedures. To eliminate the confounding effects severe physical debilitation might have on immune function, subjects were recruited only from those well enough to await elective surgical procedures. The subjects with asthma (two individuals) and one subject with a history of cardiac transplantation had no history of recent steroid use.
Subjects were excluded if they had a history of 22q11 chromosomal deletion (by fluorescence in situ hybridization) or recent infections. Subjects, who after evaluation did not undergo a surgical procedure or for whom intraoperative visualization of midline structures did not occur (e.g. if the surgical approach was not via median sternotomy), were also excluded. Analysis was then performed on 55 individuals.
Intraoperative assessment of thymus remaining after a prior surgical procedure. The surgeon or an assistant present during opening of the chest during the surgical procedure provided a visual assessment of thymic tissue present in the anterior mediastinum at the start of the current surgical procedure. The observer graded thymic tissue as present if any recognizable thymic tissue was present regardless of gross appearance or absent if no recognizable thymic tissue was present. Two subjects whose observer reported the presence of only "trace" thymus tissue were included in the "residual thymus present" group. Pathologic analysis was performed on tissue from subjects who underwent thymectomy. Thymic tissue was reported to be normal by histologic evaluation in all those in whom examination was performed. A history of at least partial thymectomy was documented in 8 of 18 subjects in whom residual thymus was present. Of the 11 subjects with no residual thymus, all except 2 (for whom previous records were unavailable) had documented removal of histologically normal thymus tissue at a previous surgery. MRI available for four subjects was used to confirm the accuracy of visual assessment.
Cell isolation. Peripheral blood samples from subjects undergoing cardiothoracic surgery or laboratory evaluation were collected into EDTA tubes, and separation of PBMC was performed by Ficoll-Hypaque density gradient centrifugation. Each sample was processed within 24 h of collection. PBMC were viably stored in liquid nitrogen for flow cytometry and at Ϫ20°C for TREC analysis.
Quantitation of TREC and cellular DNA. DNA was extracted from PBMC using 100 g/mL proteinase K (Boehringer Ingelheim, Ridgefield, CT) diluted in 10 mM Tris and 0.5 mM EDTA. Samples were incubated for 1 h at 56°C and then for10 min at 95°C. TREC were quantified using real-time PCR analysis, using the 5' nuclease (TaqMan) assay and the ABI Prism 7700 sequence detector system (Applied Biosystems, Foster City, CA) as previously described (19) 6 copies of plasmid containing signal joint TREC (kindly provided by D. Doueck) (10) . All samples were analyzed in triplicate using a single lot of serially diluted plasmid as standards for all assays. The mean of the triplicate TREC values was used for data analysis. As previously described, the coefficient of variation among replicates was less than 20% for nearly all samples (19) .
The number of cells in each test sample was confirmed using real-time PCR to amplify CCR5 DNA sequences using a primer-probe combination supplied by D. Douek. A 25-L PCR mixture consisted of 5 L of genomic DNA extract, 1ϫ PCR buffer containing 20 mM Tris and 50 mM KCl, 3.
, 0.25 L 10 M Blue 636 reference dye, and 0.125 L platinum Taq polymerase using PCR conditions as described for TREC analysis. We used an estimate of 8 g of DNA per million PBMC. Results were expressed as TREC/10 6 cells. Using a standard curve with a range of 25 to 10 6 TREC/sample, the assay has a limit of detection of approximately 400 -3000 TREC/million PBMC depending on the number of cells analyzed. For samples with undetectable TREC levels, values were recorded at the limit of detection for the individual sample.
Cell staining and flow cytometry. Whole-blood cell staining was done to determine the percentages of CD3 ϩ CD4 ϩ , CD3 ϩ CD8 ϩ , and CD4 ϩ CD45RA ϩ CD62L ϩ T cells. Staining used CD8-conjugated FITC, CD3-conjugated phycoerythrin (PE), CD4-conjugated allophycocyanin (APC), or peridinin chlorophyll protein (PerCP), CD45RA-conjugated FITC, and CD62L-conjugated PE antibodies (BD Biosciences, San Diego, CA) according to the manufacturer's instructions. Cells were acquired on a FACSCalibur flow cytometer and the data were analyzed using CellQuest Software (BD Biosciences). For selected subjects cryopreserved PBMC were reanalyzed to quantify cells with simultaneous expression of CD4 ϩ , CD27 ϩ , and CD45RA ϩ (naive helper T cell). For all of the above-mentioned T-cell subsets, associations were analyzed for both percentages of each cell type as well as absolute cell counts; both were used as continuous variables. Statistical analysis. Based on intraoperative assessment, subjects were grouped as follows: no previous surgery, previous surgery-no residual thymus, or previous surgery-residual thymus present. TREC values were normalized using the square root transformation. Data were analyzed using mixed effects regression. Median group differences were analyzed using the KruskalWallis test. Individual differences between groups were analyzed using the Wilcoxon rank-sum test.
RESULTS
To examine consequences of thymectomy in young children, we examined T-cell subsets and parameters of thymopoiesis in children and young adults presenting for cardiothoracic surgical procedures. Results obtained from these subjects were compared with data obtained from a group of children with congenital heart disease examined before any surgical intervention. All subjects were clinically well at the time of evaluation and presenting with stable cardiac disease without hemodynamic instability. Demographic data for the enrolled 43 T CELL POPULATIONS AND THYMECTOMY subjects is presented in Table 1 . The mean age of subjects with no prior surgery is 4.6 y (range, 0.3-17 y), 4.7 y (range, 0.4 -15 y) for subjects with prior surgery and residual thymus, and 8.4 y (range 1-18 y) for subjects with prior surgery and no residual thymus.
Thymectomy results in a decrease in TREC. TREC values were used as a parameter of thymic output to identify subjects in whom thymopoiesis has been affected. Among subjects with no visible thymic tissue, 6 of 11 had no detectable TREC (or values at the limit of detection) (p ϭ 0.0015 by Fisher's exact (20) . Similarly, in the two individuals who were reported to have "trace" amount of thymus tissue, TREC were also undetectable. TREC were significantly decreased in both groups of subjects who had undergone surgical procedures compared with those who had no prior surgery (p Ͻ 0.001) (Fig. 1 ). In individuals with no visible thymus, TREC concentrations were significantly lower compared with those with no previous surgery (p Ͻ 0.0001) and those with prior surgery but residual thymus (p ϭ 0.027). Decreases in those without compared with those with anatomic thymus present after surgical procedures reflects a lack of thymus function rather than effect of surgery, such as activation-induced proliferation of T cells, or other factors such as blood loss. In the subjects with congenital heart disease but no prior surgery, TREC concentrations were similar to those obtained from normal subjects in other published studies (19) . Timing of TREC decrease is consistent with cessation of thymopoiesis. Previous data obtained by others have suggested that TREC in circulating PBMC are long-lived (14, 21) . We examined the TREC concentration relative to age and time since surgery in subjects to investigate the timing of TREC reduction relative to childhood growth and to determine the amount of time necessary to detect changes in measures of thymopoiesis (Fig. 2) . Decreases in TREC were apparent at an early age after thymectomy in infancy. Moreover, despite the age differences between groups, mixed effects modeling shows that TREC concentration was predicted only by the presence of thymic tissue and previous surgical procedures and not by the effects of age (p Ͻ 0.0001) (Fig. 2a) . We speculate that detection of low TREC values soon after surgery may reflect effects of dilution (blood loss with surgery, effects of cardiopulmonary bypass) or T-cell proliferation. However, in specimens from athymic individuals several years after surgery, TREC concentrations were undetectable, or approximately 30-to 100-fold lower than similar aged subjects with no prior surgery, suggesting a lack of thymopoiesis. Further, these data suggest that, in some individuals, incidental thymectomy is complete and there is no regeneration of thymic tissue after surgery. When TREC are analyzed by time after surgery, evidence for long-term, and presumably permanent, loss of thymopoiesis is apparent in some subjects without residual thymus (Fig. 2b) .
Thymectomy results in a long-term decrease in total lymphocyte number, CD4

؉
, CD8
؉ , and naïve CD4 ؉ lymphocytes. To investigate the effects of thymectomy on the populations of T cells found in peripheral blood, we determined the number and percentages of total lymphocytes, CD8 ϩ T cells, CD4 ϩ T cells, and naïve CD4 ϩ T cells in subjects with congenital heart disease, including individuals with prior cardiothoracic surgical procedures (Fig. 3) .
There were significant differences in the total lymphocyte numbers as well as in absolute CD4 ϩ and CD8 ϩ T cells and absolute naïve CD4 ϩ T-cell counts between the subjects who have had prior surgery (with or without thymectomy) and those with no prior surgical procedures in total lymphocyte number (p ϭ 0.002, p ϭ 0.002, p ϭ 0.004, and p ϭ 0.001, respec- 
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T CELL POPULATIONS AND THYMECTOMY tively). Total lymphocytes were decreased in children with a history of prior cardiothoracic surgery and residual thymic tissue compared with those with no previous surgical procedure (p ϭ 0.047). Subjects with no residual thymus had a decrease in total lymphocyte number, and absolute CD4 ϩ and CD8 ϩ T-cell counts compared with those with prior surgery and residual thymic tissue (p ϭ 0.012, p ϭ 0.036, and p ϭ 0.008, respectively). Children with residual thymus also had decreased CD4 and CD8 counts compared with children with no prior surgery (p ϭ 0.046 and p ϭ 0.036, respectively). Both the absolute number and percent of CD4
ϩ cryopreserved PBMC) naïve T helper cells were decreased in individuals who had undergone thymectomy when compared with individuals with no history of prior surgical procedure (p ϭ 0.002) and to subjects with a prior and surgery but retaining thymic tissue (p ϭ 0.020). We found no significant effect of age alone by mixed effects analysis. We also did not find a significant effect of age at time of previous surgery.
Of note, CD8 ϩ T-cell number was only at the 5th percentile (200 -300 cells/mm 3 ) in most individuals after thymectomy (22) . Populations of double-positive (CD4 ϩ CD8 ϩ ) T cells did not appear to be affected by either surgery or thymectomy, generally accounting for Յ1% of the total CD3 ϩ cells. In view of the T-cell lymphocytopenia, an additional analysis was performed to determine whether lower TREC concentration in subjects who underwent thymectomy were due to reductions in T-cell number. Consistent with the findings in Figure 1 , the TREC concentration per million T cells was significantly reduced in subjects with prior surgery and no thymus compared with subjects with no prior surgery (p ϭ 0.0014) and those with prior surgery and residual thymus present (p ϭ 0.030). Additionally, subjects with residual thymus after previous surgical procedures had lower TREC concentration in T cells compared with those who have had no prior surgery (p ϭ 0.043).
DISCUSSION
Our data provide evidence that cardiothoracic surgery and thymectomy in early childhood rapidly produces significant and enduring changes in peripheral blood T lymphocyte number that are consistent with loss of ongoing thymopoiesis. Although absence of the thymus during fetal life is associated with a complete absence of T-cell development and profound immunodeficiency (as seen in the complete DiGeorge syndrome), the postnatal contribution of the thymus to immune development had, historically, been unclear. However, recent data have confirmed that in normal individuals there is an ongoing contribution of the thymus to the maintenance of the T-cell compartment throughout life into old age (2, 10, 15, (23) (24) (25) .
Several studies have attempted to describe the changes that occur in humans as a result of thymectomy. Most published studies describing the effects of thymectomy have been conducted in individuals with MG (14, 21, 26) . In a small study of thymectomized adult MG patients who never used immunosuppressive medications, Storek et al. (21) found a trend 
ϩ for cryopreserved specimens) for subjects with no previous surgery and those with or without residual thymus tissue after previous surgery. Boxes are interquartile ranges and dots represent 5th and 95th percentiles. Significance was calculated using the Wilcoxon rank-sum test.
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toward lower TREC in CD4 ϩ T cells and significantly lower TREC in CD8 ϩ T cells compared with normal values. Because TREC levels were not zero (especially among CD4 cells) in their subjects, they speculated that thymectomy was incomplete, T cells may be generated de novo at extrathymic sites, or that TREC generated before thymectomy persist for decades. In contrast, TREC were undetectable in many of our subjects with no anatomic evidence of residual thymus. Thus, we find no evidence of extrathymic T-cell generation.
Extrapolation of published data describing the effects of thymectomy obtained in adult MG patients to a pediatric population presents a number of difficulties. Thymectomy performed before immunologic maturity may present a distinct condition with more pronounced effects on lymphocyte homeostasis and important implications for future neoantigen responses. In addition, somatic growth of infants may require significant peripheral expansion to maintain lymphocyte homeostasis and resultant dilution of lymphocyte subpopulations may occur within a short period of time after thymectomy. Therefore, both memory and naïve peripheral T cell clones are likely to have undergone significant peripheral expansion and may be unable to proliferate further upon exposure to antigen having reached replicative senescence (27) . CD8 ϩ cells, in particular, may be affected by this phenomenon providing a possible explanation for the relatively low numbers of CD8 ϩ T cells in our thymectomized subjects.
Data indicate that thymus mass and thymopoiesis have the potential to increase in response to decreased peripheral T-cell numbers (20, 28) . In our study, individuals with no evidence of thymus tissue during visual inspection were more likely to have undetectable levels of TREC in the peripheral blood, whereas those with thymic tissue present had higher TREC levels, often near normal, indicating that partial removal or damage to the thymus may not be sufficient to completely abrogate its activity. Interestingly, two subjects with only "trace" amounts of thymus tissue had undetectable TREC levels consistent with the hypothesis that TREC correlate with thymus mass. TREC levels in our cohort of thymectomized children are 30-to 100-fold lower than those seen in similar aged individuals who were not thymectomized, suggesting that there are specific and substantial effects of thymectomy in infancy.
A new cohort of individuals with congenital cardiac disease is forming reflecting the growing practice of performing palliative and corrective surgery in infancy and early childhood. Younger individuals are more likely to undergo incidental thymectomy due to the small size of the infant thoracic cavity and higher complexity of surgeries performed at this age. Several previous studies have attempted to address changes in lymphocyte production that may result from incidental thymectomy performed during cardiothoracic surgical procedures in young children (4 -7) . Unfortunately, previous studies have involved limited immunophenotypic analysis of T cells and did not use recently developed methods to quantify thymic activity. Moreover, these investigators did not have information about the amount of residual thymus remaining after the surgical procedure. Ramos and colleagues (4) examined pediatric patients who had undergone incidental thymectomy during cardiac surgery. They discovered a difference in lymphocyte populations, specifically NK populations, suggesting a lack of normal lymphocyte differentiation in children who had undergone infant thymectomy, compared with those with thymectomy at an older age. In a 1998 report, Wells et al. (5) were able to identify differences in naïve CD4 cells between children without or without thymectomy 1 y after neonatal cardiac surgery. Although the investigators did find decreases in the number of naïve CD4 ϩ T cells after thymectomy, they were unable to detect any difference in responses to tetanus toxoid after immunization. However, because tetanus vaccine normally requires little T-cell help to mount a robust response, this assay may be insensitive to decreases in immune function resulting from thymectomy in infancy. Similarly, Eysteinsdottir et al. (6) examined lymphocyte subsets and T-cell responses in vitro, but only examined a small number of children including both thymectomized and nonthymectomized subjects in the study group and was unable to detect a decrease in T-cell activity compared with controls despite changes measured in lymphocyte populations. In another study, Gennery and colleagues (7) examined lymphocyte subsets in children who had undergone heart transplantation or had congenital cardiac disease and found that CD8 ϩ T-cell numbers were reduced compared with normal controls. In our study, we found greater effects in the CD8 ϩ T-cell subpopulation as well. In addition, our data suggest that, although the presence of congenital heart disease by itself does not have any significant effect on thymopoiesis or lymphocyte subpopulations, any thoracic surgical procedure, including those in which the thymus is spared, may produce long-term perturbations in peripheral T-cell populations.
Our data indicate that reduction or injury to functional thymus tissue during cardiothoracic surgical procedures in infants and young children can result in long-term reduction of new T-cell production as evidenced by a reduction in TREC number years later. Despite a reduction in thymic output of T cells and reduced peripheral lymphocytes, lymphocytes are maintained at minimal levels in thymectomized children by as yet undetermined mechanisms. These may include increased peripheral expansion or homeostatic mechanisms that result in perturbations in B or natural killer (NK) cells.
Although these data provide evidence that removing the thymus of young children affects peripheral T-cell populations in the long term, the impact on the risk of infectious disease or malignancy has not been evaluated. These observations suggest that the studies described thus far may underestimate the impact of early childhood thymectomy. Further investigation to assess the functional or clinical consequences of this practice would be valuable.
